To assess the diagnostic accuracy of two-phase 64-section cardiac computed tomographic (CT) angiography for detection of left atrial appendage (LAA) thrombi and differentiation between thrombus and circulatory stasis in patients with stroke, with transesophageal echocardiography (TEE) as the reference standard.
This study was institutional review board approved, and all patients gave written informed consent. Fifty-five consecutive patients (36 men, 19 women; mean age, 61 years) who had recently experienced a stroke, had high-risk factors for thrombus formation, and underwent both two-phase 64-section cardiac CT angiography and TEE up to 5 days apart were examined. Agreement between CT and TEE for detection of thrombus was assessed with statistics. For quantitative analysis, the LAA-ascending aorta attenuation ratio (LAA/AA, in Hounsfield units) was measured on early-and late-phase CT images. The significance of differences in CT attenuation measurements were assessed by using the Student t test.
Results:
A total of 14 thrombi were detected in the 55 patients at TEE. With TEE as the reference standard, the overall sensitivity, specificity, and positive and negative predictive values of cardiac CT angiography for the detection of thrombus in the LAA were 100% (14 of 14 patients), 98% (40 of 41 patients), 93% (14 of 15 patients), and 100% (40 of 40 patients), respectively. Concordance between cardiac CT angiography and TEE for the detection of thrombus in the LAA was high (overall ϭ 0.953). Mean LAA/AA values were significantly different between thrombus (0.29 HU Ϯ 0.12 [standard deviation]) and circulatory stasis (0.85 HU Ϯ 0.12) on late-phase CT images (P Ͻ .001).
Conclusion:
Two-phase 64-section cardiac CT angiography is a noninvasive sensitive modality for detecting LAA thrombi and differentiating thrombus from circulatory stasis in stroke patients.
T
hrombi of the left atrium and left atrial appendage (LAA) are common sources of stroke, and since left atrium and LAA thrombi are treatable causes of embolism, the detection of thrombi may affect patient treatment substantially (1, 2) .
Although transesophageal echocardiography (TEE) is relatively invasive, it has emerged as the most sensitive method for detecting intracardiac thrombi and is believed to be the single best modality for patients suspected of having intracardiac thrombi (3, 4) . However, concerns about the cost-effectiveness and invasiveness of TEE have been raised (5) .
Computed tomography (CT) is a well-established-but until recently, rarely used-technique for imaging intracardiac thrombi (6) (7) (8) (9) (10) (11) . At CT, an intracardiac thrombus is depicted as a filling defect. However, spontaneous echo contrast (SEC) caused by slow blood flow during atrial fibrillation, as seen at ultrasonography, also can cause an apparent filling defect on CT images and thereby mimic a thrombus. These pseudo-filling defects seen on CT images represent incomplete mixing of CT contrast material and blood. Therefore, it may be difficult to differentiate between a thrombus and a pseudo-filling defect caused by circulatory stasis with single-phase CT scanning. Previous studies have shown that in addition to thrombi, circulatory stasis can cause a pseudo-filling defect on early-phase CT images and that it is possible to differentiate a thrombus from circulatory stasis with use of late-phase CT images (9) (10) (11) . Therefore, the purpose of this study was to assess the diagnostic accuracy of two-phase 64-section cardiac CT angiography for the detection of LAA thrombi and the differentiation between a thrombus and circulatory stasis in patients with stroke, with TEE as the reference standard.
Materials and Methods

Patient Selection
Our institutional review board approved this study, and all participating patients provided written informed consent. From December 2007 to March 2008, 88 consecutive patients who were admitted to our hospital owing to recent stroke (onset within previous 7 days) were prospectively enrolled in the current study. Seventy-eight of these patients underwent TEE because they were suspected of having had a cardioembolic stroke within the previous 2 weeks (mean time, 7.8 days; range, within 5-13 days after initial stroke). TEE was not performed in 10 patients: three patients with decreased consciousness, one patient with findings that indicated impending brain herniation, three patients with poor systemic conditions, two patients with an inserted tracheal tube, and one patient in whom an esophageal transducer could not be introduced. Inclusion criteria based on high-risk factors for thrombus formation were (a) continuous atrial fibrillation confirmed at electrocardiography (12, 13) ; (b) valve disease assessed at echocardiography (14) (15) (16) ; (c) mitral stenosis of at least moderate severity, previous mitral valve surgery (valve replacement or repair), or severe aortic regurgitation; (d) left ventricular dysfunction (17) , defined as severe systolic dysfunction (ejection fraction Ͻ 30%) or cardiomyopathy with moderate systolic dysfunction (ejection fraction Ͻ 40%); and/or (e) history of atrial fibrillation documented with 12-lead electrocardiography before the index TEE examination (18) . Twenty-three patients were excluded: 19 patients did not meet the inclusion criteria, two were allergic to the contrast agent, one had renal dysfunction, and one did not provide informed consent.
The remaining 55 patients with high-risk factors for thrombus formation were included in the study. All patients had more than one risk factor for coronary artery disease (old age, hypertension, diabetes mellitus, hypercholesterolemia, history of current smoking). All examinations were performed within an interval of 5 days (mean, 2.5 days) to determine the source of the potential cardioembolism. We included patients with all stroke subtypes-of both the anterior and the posterior circulation. All patients underwent brain CT 
Cardiac CT Angiography
Two-phase cardiac CT angiography was performed in the craniocaudal direction during a single breath hold by using a 64-section helical CT unit (Sensation 64; Siemens Medical Solutions, Forchheim, Germany). The scanning protocol included both early-phase imaging to evaluate the coronary arteries and intracardiac thrombus and late-phase imaging to differentiate thrombus from circulatory stasis. Before the CT examination, the patients' heart rates were measured. Patients with a heart rate higher than 65 beats per minute received a ␤-blocker (40 mg of propranolol hydrochloride, Pranol; Dae Woong, Seoul, Korea) orally to reduce the heart rate. At our institution, patients are screened for medical conditions that may preclude them from receiving ␤-blockers. These contraindications are sinus bradycardia, defined as a heart rate lower than 60 beats per minute; systolic blood pressure lower than 100 mm Hg; allergy to the ␤-blocker or its components; decompensated cardiac failure; asthma; active bronchospasm; and second-or third-degree atrioventricular blockage. The patients' mean heart rate during the CT examination was 61 beats per minute Ϯ 13 (standard deviation) (range, 53-89 beats per minute). Scanning parameters were as follows: 330-msec gantry rotation time, 120 kV, 800 mAs, 0.6-mm section collimation, 1-mm section width, and 3.3-mm table feed per rotation. Electrocardiography-based tube current modulation was applied to 65% of the R-R interval. Nonionic contrast material (60-90 mL of iopamidol, 370 mg of iodine per milliliter, Iopamiro; Bracco Diagnostics, Milano, Italy) followed by 50 mL of saline solution was administered intravenously at a rate of 5 mL/sec by using a power injector (Envision CT; Medrad, Indianola, Pa).
With use of retrospective electrocardiographic gating, early-phase scanning was started, with the time delay determined by using a real-time bolustracking technique. A region of interest was drawn in the ascending aorta to monitor an attenuation threshold of 100 HU above the baseline attenuation. Scanning was started 6 seconds after the threshold attenuation trigger of 100 HU was reached. Late-phase scanning was started 30 seconds later, after the end of the early-phase acquisition. To reduce the radiation dose, we used 30 ϫ 0.6 mm (detectors ϫ section collimation), 120 kV, and 200 mAs to encompass the aortic arch to the middle of the left ventricle. Scans were acquired by using prospective electrocardiographic gating. Radiation exposure was estimated from the dose-length product. The calculated radiation dose was 6-10 mSv (dose-length product range, 359 -578 mGy ⅐ cm) for early-phase imaging and 0.5-1.2 mSv (dose-length product range, 28-69 mGy ⅐ cm) for late-phase imaging, depending on the scanning range and the patient's body weight.
Images were reconstructed at the scanner workstation by using commercially available software (Syngo and Somaris/5; Siemens Medical Solutions). For image reconstruction, segmented adaptive cardiac volume reconstruction based on a half-rotation reconstruction technique was used and yielded a heart rate-dependent temporal resolution of between 83 and 165 msec from a 330-msec gantry rotation. The reconstruction parameters were as follows: 0.6-mm section thickness, 0.4-mm increment, 512 ϫ 512-pixel image matrix, medium smooth kernel, and 18 -20-cm field of view. The early-and late-phase image data sets were downloaded to the workstation and reviewed by two radiologists (Y.J.K., B.W.C.).
TEE Examination
An experienced cardiologist (C.Y.S., 6 years experience with TEE) performed the TEE examinations by using a 5-MHz phased-array transducer attached to the tip of a commercially available gastroscope (Acuson-Siemens, Mountain View, Calif). All TEE images obtained in each patient were recorded as movie images on a digital videotape for display and evaluation in real time. TEE images of the left atrium and LAA were evaluated in the horizontal (0°) plane and in the plane at rotation of the imaging sector (0°-180°) during continuous visualization of the LAA. SEC was characterized by dynamic clouds of echoes curling slowly into a circular or spiral shape within the LAA cavity. The severity of SEC was assigned one of four grades based on appearance and echogenicity, as follows: none, indicating the absence of SEC; mild, indicating minimal echogenicity that was only transiently detectable with optimal gain settings during the cardiac cycle; moderate, indicating a dense swirling pattern during the entire cardiac cycle; and severe, indicating intense echogenicity and very slow swirling patterns in the LAA that usually had a similar echogenicity in the main cavity.
Image Analysis
Two experienced radiologists (Y.J.K., B.W.C., 6 and 9 years experience with cardiac CT, respectively), each of whom was blinded to the results of the other examinations and the clinical data, prospectively and independently reviewed the cardiac CT angiographic images obtained in the 55 patients. The two readers disagreed on the interpretation of two cases, for which a consensus was reached at joint reading: One case was finally diagnosed as a thrombus, and the other case was finally diagnosed as no thrombus.
At CT, we defined a thrombus as a filling defect that was oval or round on both the early-phase and the late-phase images. Circulatory stasis was defined as a filling defect that appeared with a triangular shape in the LAA on only the early-phase images but was absent on the late-phase images.
We hypothesized that by using a quantitative measurement of CT attenuation (in Hounsfield units) in the LAA relative to a reference point, we could grade the severity of SEC at CT. Therefore, for quantitative analysis, we calculated the LAA-ascending aorta attenuation ratio (LAA/AA) for thrombus and SEC on the early-and late-phase CT images (10) 
) were placed inside the LAA filling defect seen on the earlyphase images and inside the ascending aorta on the same section to generate an early-phase LAA/AA (LAA/AA E ). The latephase LAA/AA (LAA/AA L ) was calculated by using the same section on the late-phase images that corresponded to the filling defects (Fig 1) . Two radiologists (Y.J.K., B.W.C.) independently measured the CT attenuation at two selected points, and the mean LAA/AA was used for analysis.
Two experienced cardiologists (C.Y.S., E.Y.C., 6 and 10 years experience with TEE, respectively) prospectively and independently reviewed the TEE images obtained in the 55 patients and graded the severity of SEC. The recorded TEE images were presented sequentially to the two reviewers within 3 days after the TEE examination. There were no disagreements regarding the diagnosis of thrombus between the two reviewers. However, the reviewers disagreed on the SEC severity grade in three cases, and a consensus was reached at joint reading: Two cases were finally diagnosed as severe SEC, and the remaining case was finally diagnosed as mild SEC. At TEE, thrombus was defined as a well-circumscribed, uniformly consistent echo-reflective mass with a texture different from that of the LAA wall. Measurements of thrombus size were based on the largest long and short axes seen in the CT and two-dimensional TEE imaging planes.
Statistical Analyses
Categorical baseline characteristics were expressed as numbers of patients and percentages and were compared between the patients with and those without thrombus by using the 2 test. Continuous variables were expressed as means Ϯ standard deviations and were compared by using the Student t test for independent samples.
We recorded the number and size of the thrombi detected with all imaging modalities and characterized the diagnoses made by the reviewers as truepositive, true-negative, false-positive, or false-negative. With TEE as the reference standard, the sensitivity, specificity, accuracy, and positive and negative predictive values of cardiac CT angiography for the detection of LAA thrombi were calculated. Significant differences between the mean sizes of the thrombi measured at cardiac CT angiography and those measured at TEE were assessed at paired t testing. Agreement between CT and TEE in the detection of thrombi was assessed with statistics. The significance of differences in cardiac CT angiographyderived mean LAA/AA E and mean LAA/ AA L between thrombus and circulatory (7) 4 (10) .769
Note.-All except age data are numbers of patients, with the percentage of patients in parentheses.
* AF ϭ atrial fibrillation, CVA ϭ cerebrovascular accident, EF ϭ ejection fraction. † Mean ages Ϯ standard deviations. ‡ Predefined high risk factor for thrombus formation. § Dilated cardiomyopathy with systolic dysfunction.
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stasis was assessed by using the Student t test. The significance of differences in mean LAA/AA E and mean LAA/AA L for thrombus and circulatory stasis based on different SEC grades determined at TEE was assessed by using one-way analysis of variance with the Scheffé method.
Pearson correlation analysis was used to determine correlations in mean CT attenuation ratios between the two observers. P Ͻ .05 was considered to indicate a significant difference. All statistical analyses were performed by using SPSS, version 10.0, software (Statistical Package for the Social Sciences, Chicago, Ill).
Results
The image quality of all cardiac CT scans was evaluated by the two experienced radiologists (Y.J.K., B.W.C.) in consensus and was considered acceptable for evaluation of intracardiac abnormalities. The clinical characteristics of the 55 patients are summarized in Table 1 . Clinical characteristics were not significantly different between the patients with and those without thrombus; patients with atrial fibrillation were the exception. Twenty-eight (51%) patients were experiencing atrial fibrillation at the time of their stroke. Atrial fibrillation was more commonly observed at TEE in the patients with thrombus.
A total of 14 thrombi in 14 patients were detected with TEE, and all of them were located in the LAA. With cardiac CT angiography, 25 filling defects were detected in the LAA. Fifteen of these filling defect lesions were diagnosed as thrombi (13 as thrombus with circulatory stasis, two as thrombus without circulatory stasis), and 10 were diagnosed as circulatory stasis without thrombus (Figs 2, 3) . One of the 15 filling defects diagnosed as thrombi at cardiac CT angiography was diagnosed as severe SEC at TEE (Fig 4) . In this case, the time between CT and TEE was 5 days. With TEE as the reference standard, the overall sensitivity, specificity, accuracy, and positive and negative predictive values of 64-section cardiac CT angiography for the detection of thrombi in the LAA were 100% (14 of 14 patients), 98% (40 of 41 patients), 98% (54 of 55 patients), 93% (14 of 15 patients), and 100% (40 of 40 patients), respectively.
The mean sizes of the thrombi measured at cardiac CT angiography and TEE were 1.82 cm 2 (range, 0.72-2.94 cm The concordance between LAA thrombus detection with 64-section cardiac CT angiography and that with TEE was high: Thirty patients had no thrombus at either CT or TEE; 14 patients had a thrombus at both CT and TEE; 10 patients had circulatory stasis without thrombus at both CT and TEE; and one patient had a thrombus at CT but not at TEE (overall ϭ 0.953) ( Table 2) . There were no patients in whom a thrombus was detected at TEE but not at cardiac CT angiography. The 14 filling defects diagnosed correctly as thrombus at CT involved SEC that was categorized at TEE as severe in six cases, moderate in four cases, mild in two cases, and "none" (no SEC) in two cases. The one filling defect depicted as a thrombus at CT but not at TEE involved SEC categorized as severe. The two readers disagreed on the diagnosis of this case, and a consensus interpretation of thrombus was reached at the joint reading. The 10 pseudo-filling defects diagnosed correctly as circulatory stasis without thrombus at CT involved SEC that was categorized as severe in two cases, moderate in six cases, and mild in two cases.
On the early-phase CT images, the mean LAA/AA E values for thrombus and circulatory stasis were 0.12 HU spectively. Mean LAA/AA E measurements were not significantly different between thrombus and circulatory stasis (P ϭ .651). On the late-phase CT images, the mean LAA/AA L values for thrombus and circulatory stasis were 0.29 HU Ϯ 0.12 (range, 0.09 -0.45 HU) and 0.85 HU Ϯ 0.12 (range, 0.59 -1.06 HU), respectively. Mean LAA/AA L measurements were significantly different between thrombus and circulatory stasis (P Ͻ .001).
Mean LAA/AA E and LAA/AA L values did not vary significantly among the severe, moderate, and mild grades of SEC determined with TEE (P Ͼ .05) ( Table 3 ) (Fig 5) . Interobserver agreement was good in the determination of mean LAA/AA E and LAA/AA L values for thrombus and circulatory stasis (r ϭ 0.861 and r ϭ 0.912, respectively).
Discussion
Rhythm abnormalities, such as atrial fibrillation, and various cardiac chamber and valvular abnormalities have been associated with the formation of LAA thrombi (14) (15) (16) (17) (18) . The detection of left atrium or LAA thrombus has important clinical and prognostic implications. Although TEE is effective for detecting LAA thrombi, it is invasive and associated with inherent risks.
For clinical practice, a less invasive modality that enables assessment of the cardiovascular system in the setting of embolic stroke is desirable. CT can be used as an alternative modality in this setting because it is a sensitive, noninvasive and reproducible tool for detecting intracardiac thrombus (6) (7) (8) (9) (10) (11) . In our previous study (11) involving 101 stroke patients, the sensitivity and specificity of 64-section cardiac CT angiography, as compared with TEE, for the detection of thrombi in the LAA were 100% and 96%, respectively. However, we had four false-positive findings at cardiac CT angiography, which were diagnosed as blood stasis with TEE. In our current study, the presence of circulatory stasis in the patients with a pseudo-filling defect at CT indicated that blood stasis and lack of exchange with the left atrial blood pool may have precluded sufficient contrast enhancement in the LAA. Because it is difficult to differentiate LAA thrombus from blood stasis during the first pass of contrast material, we hypothesized that one might be able to delineate these two phenomena with more certainty on a delayed image because a thrombus exhibits a persistent filling defect at late-phase CT scanning.
In this study, two-phase cardiac CT angiography, as compared with TEE, had high sensitivity (100%) and high specificity (98%) in the detection of thrombus in the LAA in stroke patients. The negative predictive value was 100%. The high sensitivity and high negative predictive value strongly suggest that two-phase cardiac CT angiography is useful for detecting and ruling out intracardiac thrombi. For quantitative analysis, we calculated mean LAA/AA values for the early-and late-phase CT images. According to our study results, mean LAA/AA values for the early-phase images were not significantly different between the patients with thrombus and those with circulatory stasis. However, mean LAA/AA values for the late-phase images were significantly different between these two patient groups. These quantitative analysis results suggest that late-phase imaging is important for differentiating between thrombus and circulatory stasis. However, our quantitative analysis also revealed that cardiac CT angiography, as compared with TEE, cannot be used to differentiate SEC severity. We believe that CT attenuation values are not sufficient for accurate characterization of slow flow states in the left atrium and LAA.
In our study, we observed one falsepositive filling defect on both the early- phase and the late-phase CT images that was not diagnosed as a true thrombus at TEE. There are several possible explanations for this one false-positive result. First, we may have misdiagnosed a prominent pectinate muscle as a thrombus. Second, there is a possibility that the small thrombus was missed at TEE, although we used this examination as the reference standard (19) . Left atrium and LAA thrombi are significantly more common in patients with specific risk factors for thrombus formation (ie, atrial fibrillation, left atrium dilatation, left ventricular dysfunction, mitral stenosis or prosthesis) (20) (21) (22) . In our study, the prevalence of LAA thrombus was 25% (14 of 55 patients) in a high-risk patient group.
Our study had several limitations. First, we did not perform the two examinations on the same day: In all cases, the two procedures were performed up to 5 days apart to evaluate for intracardiac thrombus. Therefore, it was difficult to validate the one false-positive result at cardiac CT angiography. Second, we did not perform contrast materialenhanced echocardiography for assessment of LAA thrombus and SEC. A further limitation was the radiation exposure to the patient at CT. The delivered radiation dose was estimated to be 6 -10 mSv for early-phase imaging and 0.5-1.2 mSv for late-phase imaging. Although we performed two-phase imaging, we lowered the amperage to 200 mAs for late-phase imaging to reduce the radiation dose.
In conclusion, our study results show that two-phase 64-section cardiac CT angiography is a noninvasive and sensitive modality for detecting thrombi in the LAA of stroke patients. Furthermore, two-phase cardiac CT angiography can be used to differentiate thrombus from circulatory stasis, which may cause a pseudo-filling defect on early-phase CT images. Two-phase 64-section cardiac CT angiography may be clinically useful for detecting and ruling out intracardiac thrombus in patients at risk for cardioembolic stroke and may prove to be an alternative to TEE as a diagnostic tool.
